Abstract A number of lines of evidence suggest that senescence of normal human diploid fibroblasts (HDFs) in culture is relevant to the process of aging in vivo. Using normal human skin diploid fibroblasts, we examine the changes in genes and proteins following treatment with a mild dose of H 2 O 2 , which induces premature senescence. Multidimensional Protein Identification Technology (MudPIT) in combination with mass spectrometry analyses of whole cell lysates from HDFs detected 65 proteins in control group, 48 proteins in H 2 O 2 -treated cells and 109 proteins common in both groups. In contrast, cDNA microarray analyses show 173 genes up-regulated and 179 genes down-regulated upon H 2 O 2 treatment. Both MudPIT and cDNA microarray analyses indicate that H 2 O 2 treatment caused elevated levels of thioredoxin reductase 1. Semi-quantitative RT-PCR and Western-blot were able to verify the finding. Out of a large number of genes or proteins detected, only a small fraction shows the overlap between the outcomes of microarray versus proteomics. The low overlap suggests the importance of considering proteins instead of transcripts when investigating the gene expression profile altered by oxidative stress.
Introduction
Oxidative stress has been linked to aging and many aging associated diseases. While increased levels of oxidative biomarkers can be detected in aging population, oxidants are produced by endogenous sources, such as mitochondrial respiration, which generates reactive oxygen species (ROS) as byproducts. Increased production of oxidants results from saturation of antioxidant defenses, such as inactivation of antioxidant enzymes and depletion of sulfhydryls due to nutritional imbalance or exposure to xenobiotics. Under most circumstances, the level of oxidants produced endogenously is relatively low and not sufficient to kill the majority of cells.
However oxidative damage can accumulate over time, such as during the process of aging, and contribute to senescence at the cellular level and consequently functional decline. Despite of the fact that oxidative stress is known to be associated with aging and aging associated diseases, epidemiological studies and clinical trials with antioxidant vitamins have generated conflicting data. These controversies argue for the importance of understanding the molecular mechanism underlying oxidative stress.
Recent development in genomic and proteomic technologies provides an opportunity to study the biology of oxidative stress systematically. Microarray technologies allow the examination of gene expression on the scale of a genome when an organism or cells experience a changing status. Several laboratories have utilized the technology for uncovering changes of gene expression associated with aging, replicative senescence or oxidant induced premature senescence (de Magalhaes et al. 2004; Lee et al. 1999; Pascal et al. 2007; Shelton et al. 1999 ). However, despite of the advancement in microarray technologies, the question remains unanswered as how many genes showing changes at the mRNA level also change their expression at the protein level.
Complementary technologies, such as LC-MS/MS based proteomics, provide an opportunity to profile for proteins appearing with different states of cells. Since proteins ultimately depict the function of genes, it is important to reveal the identities of the proteins showing changes with oxidative stress.
Multidimensional chromatography coupled with mass spectrometry is an emerging technique for profiling proteins in a complex mixture. To improve the resolution for LC-MS/MS based proteomics, Multidimensional Protein Identification Technology (MudPIT) employs biphasic or triphasic microcapillary columns for high-performance liquid chromatography (Florens and Washburn 2006; Paoletti et al. 2004; Washburn et al. 2001; Wolters et al. 2001) . With tandem mass spectrometer, peptides eluted from liquid chromatography can be identified in combination with sequence database searching tools. Although technology improvement remains as a main focus of proteomics, current MudPIT and mass spectrometry based techniques have shown promise in finding new targets and new pathways by profiling proteins in a complex mixture such as biological fluids, tissue extracts, cell lysates, and subcellular organelles (Breci and Haynes 2007; Chen et al. 2006; Kislinger et al. 2005; Mauri et al. 2005; Washburn et al. 2001) . These techniques allow us to profile changes at the protein level when cells experience oxidative stress.
Fibroblasts are the most abundant cell types within our body. Normal human diploid fibroblasts (HDFs) can be isolated from certain tissues, for example the skin, and remain viable under tissue culture condition. Unlike human tumor cells or immortalized rodent cells, HDFs have a limited replicative potential in culture (Campisi and d'Adda di Fagagna 2007; Cristofalo et al. 2004; Hayflick and Moorhead 1961) . Fibroblasts from the foreskin of newborns generally replicate 50 -80 population doublings before reaching replicative senescence. On the other hand, early passage of HDFs develop a phenotype resembling premature senescence following the exposure to low or mild dose of oxidants (Chen and Ames 1994; Chen et al. 2000a Chen et al. , c, 2001 Chen 2000) . Differing from tumor cells, HDFs from individuals with normal genetic background retain genomic integrity in culture, allowing us to profile changes relevant to human health as a whole. In this study, we compare the outcome of proteomics with that of microarray using current available technologies after stressing HDFs with a mild dose of H 2 O 2 .
Materials and methods

Chemicals and reagents
Chemicals were purchased from Sigma unless otherwise indicated. Stabilized H 2 O 2 (H-1009, Sigma) was used and the concentration of the stock was verified by absorbency at 240 nm.
Maintenance of cell culture and treatment with H 2 O 2 HCA 3 human dermal fibroblasts were obtained from Dr. Olivia Pereira-Smith at the population doubling level (PDL) 20. These cells typically reach replicative senescence after PDL 80 and were used for this study at PDL 26-40. Stock HCA 3 cells were subcultured weekly in 10 ml of Dulbecco's modified Eagle's medium (DMEM) containing 10% (v/v) fetal bovine serum, 50 units/ml penicillin, and 50 lg/ml streptomycin (Invitrogen) at a seeding density of 1 9 10 6 cells/100-mm Falcon dish. For H 2 O 2 treatment, cells were seeded at a density of 2 9 10 6 /100-mm dish. In 5 days, cells have reached confluence with the density of 10.48 ± 0.85 9 10 6 cells per 100-mm dish, and were treated with 600 lM H 2 O 2 in a 100-mm dish containing 10 ml of medium. After 2-h incubation in the presence of H 2 O 2 , cells were placed in fresh DMEM containing 10% (v/v) FBS and were allowed to recover for 3 days before harvesting RNA or proteins.
MudPIT and LC-MS/MS analysis of cell lysates
Cells were harvested in 200 ll of EB lysis buffer (Coronella-Wood et al. 2004) . Each sample was diluted by and dialyzed against 0.01 N NH 4 HCO 3 , passed through a 0.45-lm filter to remove insoluble cell debris, and concentrated down using a speed vacuum concentrator. After protein concentration determination by the Bradford method (Bio-Rad, Hercules, CA), protein mixtures from whole cell lysates were digested overnight with trypsin at a 50:1 ratio (Xie et al. 2005) . A microbore HPLC system (Paradigm MS4, Michrom, Auburn, CA) was used with two separation columns: a reverse phase (RP) column and a strong cation exchange (SCX) column (Whatman, Clifton, NJ). The sample (23 lg) was acidified using TFA and injected onto the SCX column, with the effluents going through RP column. A twelve-step fractionation analysis was performed with the solvents of: 10% methanol/0.1% formic acid, 0.01%TFA (buffer A), 95% methanol/0.1% formic acid, 0.01% TFA (buffer B), 10% methanol/0.1% formic acid, 0.01% TFA (buffer C) and 500 mM ammonium acetate/10% methanol/0.1% formic acid, 0.01% TFA (buffer D). Eluted peptides were electrosprayed into the mass spectrometer with a distally applied liquid junction spray voltage of 1.6 kV. Spectra are scanned over the range 380-2000 mass units. Automated peak recognition, dynamic exclusion, and daughter ion scanning of the most intense ion was performed using the Xcalibur software (Andon et al. 2002) .
cDNA Microarray analysis
The microarray chips were generated as described by Watts et al. (2001) . The chips contain *5300 human genes, with more than 3000 known genes and the remainders as expressed sequence tags (ESTs) determined by the UniGene (ftp://azccftp.arizona.edu/ gwatts/GeneList/). Microarray analyses were performed as described by Crowley-Weber et al. (2002) . Briefly, total RNAs were isolated using a QIAGEN RNeasy kit (Qiagen, Valencia, CA). Cy3 or Cy5 labeled first strand cDNAs were made from 40 lg of total RNA with Micromax Direct cDNA Microarray System (NEN Life Sciences, Boston, MA). Fluorescence labeled cDNAs from two reactions were hybridized to the cDNA array slides for scanning with Axon GenePix 4000 microarray reader (Axon Instruments, Foster City, CA) and quantification with GenePix software. The data were analyzed with GeneSpring 5.0 software (Silicon Genetics, Redwood, CA).
Three independent experiments were performed with cells from three different passages. Each experiment has triplicate hybridizations. Changes in gene expression are judged by 1.5 fold or greater difference in Cy5 versus Cy3 signal strength and a P-value of \0.05 in a paired t-test among the triplicates. The up-versus down-regulated genes were classified and clustered by searching through the BioRag database generated by the Arizona Cancer Center Bioinformatics Core (www.biorag.org) and categorization was verified individually by Unigene database search. If a gene encodes a protein with multiple functions, it is placed under the category of its most recognized function.
Functional analysis and gene ontology networks Cytoscape 2.4.0 (www.cytoscape.org) was used to generate the network of Gene Ontology (GO) terms (Purdom-Dickinson et al. 2007 ). Differentially expressed genes and proteins found by cDNA microarray and LC-MS/MS based proteomics analyses were searched against BioRag database (www. biorag.org) for GO Molecular Function categories. The categories that had less than four genes were removed if the genes were also not represented in any other molecular function categories for microarray data. For proteomic data, all the proteins found different between control versus treated groups and their GO categories were included for generating the network. The categories containing only one gene were removed. Individual gene or protein is presented as a circular node with GO terms appearing as squares. The edges show the links between the genes/proteins versus the GO terms. The color shade in circular node reflects the fold change for up regulated (red) and down regulated (blue) genes for the network constructed from gene expression arrays. For the protein network, the node color indicates proteins found in control (green) or in H 2 O 2 treated cells (red).
Semiquantitative RT-PCR Total RNA was extracted from cells with TRIZOL (Invitrogen) for reverse transcription (2 lg RNA/ sample) and PCR (3 ll of the 35 ll RT reaction mixture). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a reference gene for internal loading control. The Primer 3 Input Program (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3.cgi) was used to design PCR primers and to calculate the optimal PCR annealing temperature (TempA ,  Table 1 ). PCR products were detected by ethidium bromide staining after agarose gel electrophoresis.
Western blot analysis
Cells were scraped in 200 ll of EB lysis buffer and proteins (40 lg) from cell lysates were separated by 15% SDS-polyacrylamide gel electrophoresis before overnight transfer to a polyvinylidene difluoride (PVDF) membrane (Millipore, Bedford, MA 
Results
Identification of proteins in cell lysates by LC-MS/MS
Previous works from our laboratory have shown that H 2 O 2 at the dose less than 0.85 pmol/cell appears to be non-lethal and induces premature senescence over a course of 7 days in early passage HDFs (Chen and Ames 1994; Chen et al. 2000a Chen et al. , c, 2001 Chen 2000 Fig. 1 . MS/MS data were analyzed using Turbo SEQUEST against a non-redundant human protein sequence database from NCBI (Eng et al. 1994; Link et al. 1999) . The criteria for a positive peptide identification for a doubly-charged peptide are a correlation factor (Xcorr) greater than 2.5, a delta cross-correlation factor (DXcorr) greater than 0.08, a minimum of one tryptic peptide terminus, and a high preliminary scoring. For triply-and singly-charged peptides, the Xcorr threshold is set at 3.5 and 1.8, respectively. In all cases, the value of Ions is greater than 50%. SEQUEST outputs were assembled and filtered into actual protein identifications by the DTASelect algorithm (Tabb et al. 2002) . The analyses found 109 proteins common among Ctrl and H 2 O 2 treated HDFs (data not shown). There are 65 proteins appearing to Ctrl group only and 48 proteins appearing to H 2 O 2 treated HDFs only ( Table 2 ). The network of changes in the proteins is shown in Fig. 2 . A cluster of metal ion binding proteins and several proteins in the oxidoreductase cluster have been found in H 2 O 2 treated cells (Table 2 and Fig. 2a) . Among the proteins not detected in H 2 O 2 treated cells, the clusters of protein binding, RNA binding and structural constituents of ribosome stand out (Fig. 2b) .
TXN and TXNRD1 are two examples of proteins found in H 2 O 2 treated cells. The MS/MS spectra and SEQUEST Flicka protein information output on TXN and TXNRD1 are shown in Figs. 3 and 4 . Three peptides were identified from TXN protein by our mass spectrometer (Fig. 3a-c) . These peptides cover 37.1% of entire TXN protein sequence (Fig. 3d) . The high percentage of sequence coverage, together with the acceptable Xcorr and Ions values give us the confidence in identification of this protein. Unlike TXN, the mass spectrometer only detected one peptide ion for TXNRD1 (Fig. 4a) . However, the MS/MS spectrum (Fig. 4a) , Xcorr value (3.11 for +2 ion) and Ions scores (67.9%) all suggest the high confidence of this protein identification. Western blot analyses were able to verify elevated levels of TXN and TXNRD1 with H 2 O 2 treated HDFs (Fig. 5) . At the same time point, the proteins encoding p21 cyclin dependent kinase inhibitor or p53 tumor suppressor also show elevations (Fig. 5) . Unlike replicative senescent cells, H 2 O 2 induced premature senescence does not cause elevation of the p16 cyclin dependent kinase inhibitor (Fig. 5) binding of Cy5 versus Cy3 labeled cDNA to complementary strands of DNA immobilized onto a microscopic chip. To test whether the genes detected by proteomics also show changes at mRNA level by any chance, we used less stringent selection criteria by counting for the genes showing 1.5-fold or more changes in two out of three independent experiments, each of which has triplicates in hybridization. We found that 173 genes were up-regulated and 179 genes were down regulated by H 2 O 2 treatment.
Functional genomics using BioRag program classified 17 up-regulated genes as related to oxidoreductase, antioxidant and detoxification responses (Table 3) . These 17 genes are TXNRD1, Glutamate-cysteine ligase modifier subunit (GCLM), glutathione peroxidase 1 (GPX1), glutathione synthetase (GSS), type II hydroxyacyl-Coenzyme A dehydrogenase (HADH2), lysyl oxidase (LOX), NADP + dependent methylenetetrahydrofolate dehydrogenase 2 (MTHFD2), alpha N-acetylglucosaminidase (NAGLU), prostaglandin endoperoxide synthase 1 (PTGS1), prostaglandin endoperoxide synthase 2 (PTGS2) and 7 genes encoding different isoforms of metallothioneins (MTs), i.e. MT1A, MT1E, MT1G, MT1H, MT1M, MT1X and MT2A. Altered proteases, signaling molecules, kinases, and transcription regulators also stand out as a characteristic of H 2 O 2 treated cells (Table 3) . In addition, H 2 O 2 treatment caused elevated expression of a significant amount of cytokines or chemokines (Table 3) .
Cytoscape-based gene network sorting shows a significant portion of upregulated genes in the clusters of oxidoreductase, transferases, metal ion binding, protein Ser/Thr kinase, ATP binding, GTP binding, protein binding, and DNA binding (Fig. 6a) . Most of these clusters also contain downregulated genes (Fig. 6b) . The clusters showing more decreased than increased genes include receptors and hydrolases (Fig. 6a, b) . Seven of up-regulated genes were chosen randomly for verification using semi-quantitative RT-PCR. With primer sets specific to ADP-ribosylation factor 4-like (ARF4L), Serine/threonine kinase 15 (Aurora kinase A, AURKA), matrix metallopeptidase 3 (MMP3), Small inducible cytokine A7 (CCL7), Small inducible cytokine subfamily A13 (CCL13), Tumor necrosis factor receptor superfamily member 12A (TNFRSF12A), or TXNRD1, RT-PCR with total RNA show increases in the transcripts of these genes by H 2 O 2 treatment (Fig. 7) .
The overlaps of proteins and transcripts induced by H 2 O 2
With the long lists of proteins or genes detected by proteomics or microarray respectively, we have searched for the common outcome between the two platforms of technology. Both LC-MS/MS and cDNA microarray detected the induction of TXNRD1 by H 2 O 2 treatment (Tables 2, 3 ). This finding was confirmed by RT-PCR and Western blot techniques (Figs. 5, 7) . Among the decreased genes in H 2 O 2 treated cells, A kinase anchor protein 12 and NAD malate dehydrogenase 1 were found common between microarray and proteomic outputs (Tables 2,  3) . TXN was found elevated by proteomics but the gene was absent on the microarray chips. RT-PCR analyses show elevated levels of TXN mRNA in H 2 O 2 treated cells (Fig. 7) . MMP3 and AURKA are among elevated genes detected by microarray analyses in H 2 O 2 treated cells. While proteomics failed to detect these two proteins, Western blots found elevated levels of these two proteins in WGLGGT CV NV G C I P K y 15 y 14 y 13 y 12 y 11 y 10 y 9 y 8 y 7 y 6 y 5 y 4 y 3 y 2 y 1 "Xcorr"=3.11 "Ions"=67.9% "Z"=+2 cells (Fig. 8) . Adding up together, only a short list of genes was found to increase or decrease by both microarray and proteomics in H 2 O 2 treated cells.
Discussion
The proteome often depicts the functional status of cells or an organism. The association of oxidative stress with the process of aging suggests the importance of uncovering the proteome of oxidative stress in studying the biology of aging. Sen and Packer 1996) . TXNRD1 belongs to a family of glutathione reductase-like flavoenzymes, a homodimeric seleniumcontaining protein that catalyzes NADPH-dependent reduction of TXN disulfide (Arner and Holmgren 2000; Becker et al. 2000; Mustacich and Powis 2000) . Following oxidative stress, TXNRD1 initiates the reduction and therefore activation of TRX, which relocates from the cytoplasm to the nucleus to turn on the nuclear components of redox-sensitive signaling pathways, for example Ref-1, and activates transcription factors such as AP-1 and NF-kB (Hirota et al. 1997; Karimpour et al. 2002; Schenk et al. 1994; Wei et al. 2000) . These transcription factors modulate the expression of downstream target genes important for the gain of repair function against the initial oxidative damage and for development of defense against further insults.
Microarray studies have indicated upregulation of metal binding proteins MTs by H 2 O 2 treatment. This finding is consistent with literature reports where MT1A, MT1X, and MT2A have been shown to elevate expression in response to H 2 O 2 treatment (Andrews 2000; Dalton et al. 1994; Liu and Thiele 1996; Tate et al. 2002) . MTs are characterized by their unusually high content of thiols and are capable of binding to iron and preventing the redox cycling of iron (Kang 2006 scavengers of ROS, including hydroxyl, phenoxyl, and NO radicals (Kang 2006; Sato and Bremner 1993) . Most MTs are secreted, which may explain the absence of their detection by proteomics using cell lysates. Nevertheless, MT mediated cytoprotection serves as a redundant mechanism in addition to TXN/ TXNRD in cellular adaptation to oxidative stress. Fibroblasts are capable of producing various paracrine factors such as peptide growth factors, cytokines, and chemokines (Buckley et al. 2001; Smith et al. 1997) . We found H 2 O 2 treatment caused elevated expression of several cytokines: small inducible cytokine A7 (CCL7), small inducible cytokine subfamily A member 13 (CCL13), CC chemokine CCL28 (CCL28), Interleukin 1 beta (IL1B), Interleukin 32 (IL32), Leukemia inhibitory factor (LIF) and Colony stimulating factor 3 (CSF3). Although many of these genes are among the long list of novel finding of oxidative stress response, elevated expression of cytokines and chemokines, for example Interleukin 1 beta, interleukin 6, and interleukin 15, have been found in microarray studies of replicative senescence (de Magalhaes et al. 2004; Shelton et al. 1999) . In addition to cytokines and chemokines, H 2 O 2 treated cells expressing MMP3 and IGFBP6. Increased expression of MMP3, i.e. stromelysin-1, and IGFBP-5 has been reported with replicative senescent HDFs (de Magalhaes et al. 2004; Shelton et al. 1999 ). Our microarray data add an additional piece of evidence suggesting the similarity between H 2 O 2 induced premature senescence and replicative senescence.
Several possibilities explain the short list of overlaps between microarray and proteomics data. The cell lysates used here do not contain secreted proteins, although microarray can detect genes encoding secreted proteins, for example MMP3 and IGFBP6. IGFBP6 was found elevated in H 2 O 2 treated HDFs while profiling the secreted proteins (Xie et al. 2005) . In addition to the absence of secreted proteins for proteomic detection, we used human 5 K cDNA gene chip for the microarray analyses in this study. Checking the list of genes on these chips, we found that 52% of the proteins detected by LC-MS/MS were absent on the Human 5 K cDNA chip (Table 2) . For example, TXN protein was detected in the cell lysate of H 2 O 2 treated HDFs by MudPIT analysis but the cDNA sequence of the gene was absent in our microarray slides (Table 2) . If we factor in the absence of the genes for 50% detected proteins, the amount of overlapping genes and proteins detected by microarray and proteomics could be at least doubled.
The large gap between the genes expressed at the level of mRNA versus protein may be related to the regulatory mechanism of protein translation under oxidative stress. The process of protein translation is carried by the ribosomes and at least 14 eukaryotic initiation factors (eIFs). About 95-97% genes are translated via 5' methyl cap mechanism (Gebauer and Hentze 2004; Merrick 2004; Preiss and M 2003) . This type of translation requires a large quantity of ATP and is generally turned off during stress to conserve energy (Holcik and Sonenberg 2005; Merrick 2004 ). Only 3-5% genes contain HDFs were treated with 600 lM H 2 O 2 for 2 h and were placed in fresh culture medium for 72 hr recovery before harvesting RNA for cDNA microarray analyses (see Materials and methods). The data indicate the averages and standard deviations of fold changes from at least two independent experiments. The fold of increase or decrease (negative numbers in italic) for each gene was determined by GeneSpring 5.0 software as statistically significant changes for at least two out of three independent experiments. The column in the table represents (1) Gene symbol, (2) Accession number, (3) common name of the gene, (4) Unigene number, (5) fold of change for increase and decrease. Many genes can be placed into multiple functional categories. In the case a gene has multiple functions, it is placed under the category of its most commonly recognized function 
